We assessed the agreement of retinal nerve fiber layer (RNFL) color codes between Stratus and Cirrus optical coherence tomography (OCT) according to the glaucoma severity.
G laucoma is a progressive disease characterized by pathologic loss of ganglion cells and the retinal nerve fiber layer (RNFL). [1] [2] [3] Detecting disease progression, which is evidenced by structural or functional changes in the retina, in patients with glaucoma is essential to evaluate the damage and the efficacy of therapy. 4 Repeated measurements of RNFL thickness in the same patient over time are an important component of glaucoma management. Optical coherence tomography (OCT) provides cross-sectional imaging of the eye, and enables evaluation and quantification of cross-sectional peripapillary RNFL thickness. 5 OCT also provides information on probable RNFL defects as four color codes through comparison of the RNFL profile with an internal age-matched normative database. Color codes in RNFL profiles of OCT are useful clinically in diagnosis of glaucoma as actual RNFL measurements.
The many patients who have been scanned with Stratus time-domain OCT (Carl Zeiss Meditec, Inc., Dublin, CA) potentially now can be scanned with Cirrus spectral-domain OCT (Carl Zeiss Meditec). 6 Recently, OCT technology has advanced considerably and now incorporates spectral-domain (SD) imaging, which offers significant advantages over traditional time-domain (TD) OCT techniques, including a faster scanning speed and higher resolution RNFL imaging. 7, 8 The clinical relevance of the new SD technology requires that the data from these devices be compared to preexisting and widely accepted TD standards, and to each other. 9 Previous studies have indicated that measurements with Stratus and Cirrus OCT could not be considered interchangeable, although the two types of measurements were correlated strongly. 6, [9] [10] [11] [12] [13] [14] [15] However, to our knowledge there have been no reports on the agreement of RNFL color codes between both OCT instruments according to the glaucoma severity. The purpose of our study was to evaluate the agreement of RNFL color codes between Stratus and Cirrus OCT according to the glaucoma severity.
METHODS Subjects
The184 participants were enrolled consecutively from the GlaucomaCataract Clinic of Severance Hospital in the Yonsei University Health System from January 2010 to June 2011. The study was approved by the Institutional Review Board, and complied with the tenets of the Declaration of Helsinki. Informed consent was obtained from each patient.
All subjects underwent Goldmann applanation tonometry, gonioscopy, and fundus examination with a 90-diopter lens. Automated refraction, biometry measurement, and standard visual field test were performed. All eyes were scanned with Stratus TD-OCT (fast RFNL scan mode, Carl Zeiss Meditec) and Cirrus SD-OCT (optic disc cube mode, Carl Zeiss Meditec) after pupillary dilation to a minimum diameter of 5 mm. For each patient, all examinations were performed during a single day.
Normal eyes were defined as those from patients with no family history of glaucoma in a first-degree relative, no history or evidence of intraocular surgery, and no retinal pathological features. Normal eyes also had a best corrected visual acuity of 20/40 or better, with refractive error between þ3.00 and -6.00 diopters (D); intraocular pressure (IOP) of 21 Glaucomatous eyes were defined as those from patients with a glaucomatous VF defect confirmed by two reliable VF examinations, and by the appearance of a glaucomatous optic disc with typical loss of neuroretinal rim as judged by slit-lamp biomicroscopy (cup-to-disc ratio >0.7; intereye cup asymmetry >0.2; or neuroretinal rim notching, focal thinning, disc hemorrhage, or vertical elongation of the optic cup). IOP was not used as a criterion for the glaucoma group. Only patients with open anterior chamber angle, a corrected visual acuity of 20/40 or better, and refractive error from þ3.00 to -6.00 D were selected. Glaucoma was categorized into three subgroups according to the modified Hodapp-Anderson-Parrish grading scale based on the MD of VFs. 16 Early glaucoma was defined as VF loss with an MD ‡ -6 dB, moderate glaucoma as an MD between -6 and -12 dB, and severe glaucoma as an MD worse than -12 dB.
Visual Field Examination
Standard VF testing was performed using automated static perimetry (Humphrey Field analyzer with Swedish Interactive Thresholding Algorithm [SITA] standard 24-2 test program; Carl Zeiss Meditec). The VF was considered reliable when fixation losses were less than 20%, and false-positive and -negative errors were less than 15%. Mean VF sensitivity was calculated with the perimetry software, and expressed as MD, PSD, and VF index (VFI). A field defect was defined as having three or more significant (P < 0.05) non-edge contiguous points with at least one at the P < 0.01 level on the same side of the horizontal meridian in the pattern deviation plot, classified as outside normal limits in the glaucoma hemifield test, and confirmed with at least two VF examinations.
OCT Measurements
Cross-sectional imaging of the peripapillary area was performed using Stratus-OCT (software version 4.0.1). The RNFL thickness was measured with the Fast RNFL scan program, which consisted of three sets of 256 A-scans along a circle with a 3.46-mm diameter centered on the optic disc, which was controlled by the examiner. This scanning took 1.92 seconds to complete (400 A-scans per second).
The average RNFL thickness was determined using the optic disc cube protocol on Cirrus OCT (software version 3.0). This protocol generates a cube of data through a 6-mm square grid by acquiring a series of 200 horizontal scan lines, each of which is composed of 200 Ascans. A calculation circle, which was 3.46 mm in diameter and consisted of 256 A-scans, was positioned automatically around the optic disc. Cirrus OCT uses SD technology to acquire data with higher resolution and a faster scan speed (27,000 A-scans per second) than that obtained with TD-OCT technology.
A single, well-trained technician performed all OCT examinations. Both OCTs provide RNFL thickness maps with 4 quadrants (superior, inferior, nasal, and temporal) and 12 clock hours, which includes classification using an internal normative database. The results from the comparison of RNFL thickness with normative data were indicated with a stoplight color scheme for Stratus OCT and Cirrus OCT. The RNFL thicknesses in the normal range are represented by green backgrounds, those that are abnormal at the 5% level are represented by yellow backgrounds, and those that are abnormal at the 1% level are represented by red backgrounds. 17 The signal strengths of each scan on the Stratus and Cirrus were at least 6 (range 0 to 10). Scans with misalignment, segmentation failure, or decentration of the measurement circle were excluded from the analysis.
Statistical Analyses
For cases in which both eyes of a patient were eligible for analysis, one eye was selected randomly to be evaluated for our study. The interdevice agreement between Stratus OCT and Cirrus OCT for the peripapillary RNFL thickness measurement according to the glaucoma severity was assessed using the intraclass correlation coefficient (ICC). 18 A scatter plot showing the differences between two measurements against their average was used to assess agreement between Cirrus and Stratus OCT RNFL measurements, as described by Bland and Altman. 19 The agreement of RNFL color codes was evaluated with Cohen's kappa. 20 After defining red or yellow color codes as abnormal results, and green or white color codes as normal results, we evaluated color code disagreement between two OCTs, that is abnormal Stratus and normal Cirrus results, and normal Stratus and abnormal Cirrus results. The frequency of color code disagreement between two OCTs was measured according to the glaucoma severity. Also, the frequency of each color scale in average, quadrant, and 12 clock-hour map was measured according to the glaucoma severity. Statistical analysis was performed using SPSS for Windows (version 12.0.0, SPSS Inc., Chicago, IL). A P value of less than 0.05 was considered statistically significant.
RESULTS

Subject Characteristics
A total of 184 eyes from 144 subjects with glaucoma and 40 normal subjects was enrolled. Table 1 summarizes the demographic and clinical characteristics of the subjects. The subjects with glaucoma were divided into groups based on MD of VFs; early glaucoma (n ¼ 66), moderate glaucoma (n ¼ 38), and severe glaucoma (n ¼ 40). The ages of subjects in the glaucoma and normal groups were not significantly different. There was a significant age difference according to the glaucoma severity (Table 1) .
Agreement of RNFL Thickness Measurements between Two OCTs According to Glaucoma Severity
For average RNFL thickness, inter-device agreement between Stratus and Cirrus OCT was excellent in normal eyes and in all glaucomatous eyes (ICC 0.559 in normal eyes, 0.843 in early glaucoma, 0.920 in moderate glaucoma, and 0.829 in severe glaucoma, P <0.001). For each quadrant and 12 clock-hour sectors, measurement agreement generally was good (ICC 0.608-0.944), except for the nasal quadrant and the 2, 3, and 4 clock-hour sectors (ICC 0.384-641, Table 2 ). Figure 1 shows the Bland-Altman plots that were used to assess the agreement of the mean RNFL measurements between the two devices. Inspection of the plot revealed a considerable discrepancy between RNFL thickness measurements obtained by the two instruments. The limit of agreement range (95% CI) of the mean RNFL thickness between the two OCTs was 29.4 (-18.3-11.1) lm. Additionally, a significant proportional bias of the mean RNFL thickness measurements existed between the Stratus and Cirrus devices (r ¼ -0.261, P < 0.001). For thinner RNFLs, the Stratus measurements tended to be thinner than those of the Cirrus, whereas for thicker RNFLs, the Stratus measurements tended to be thicker than those of the Cirrus. The mean RNFL measurement difference between the Stratus and Cirrus devices was -3.59 6 7.51 lm (Cirrus OCT minus Stratus OCT RNFL thicknesses, 95% CI -4.68 to -2.49). Table 3 reveals the measurements difference of RNFL thickness (Cirrus minus Stratus) for average, quadrant, and clock-hour map among normal and 3 glaucoma subgroups. Severe glaucoma groups had significantly greater positive values of thickness difference for average and each sectoral parameter. Exceptionally, for the superior quadrant, the relationship was reversed between the normal and early glaucoma groups, and for the 6, 7, and 8 o'clock hours. This also was true for the early and moderate glaucoma groups (Table 3) . 
Agreement of RNFL Color Codes between Stratus and Cirrus OCT According to Glaucoma Severity
For average, all quadrants except for the nasal sector, and all clock-hours except for 1, 2, 3, 4, and 9 o'clock, agreement of RNFL color codes between Stratus and Cirrus OCT generally was fair to good in normal and all glaucoma subgroups (j 0.288-0.887). For the quadrant map, the kappa value was highest for the inferior quadrant in the severe glaucoma group (j 0.839) and lowest for the nasal quadrant in the severe glaucoma group (Table 4) . Disagreement between the two OCT instruments was defined as when a sector of the yellow or red color code (abnormal) in Stratus OCT was displayed as green or white color code (normal) in Cirrus OCT; inversely, a sector of green or white color code (normal) in Stratus OCT was displayed as yellow or red color code (abnormal) in Cirrus OCT. In general, the frequency of disagreement in the severe glaucoma group was higher than in the other group (Figs. 2A, 2B, 2C) .
In all glaucoma groups, agreement of color codes between Stratus and Cirrus OCT was excellent for average RNFL, temporal, and inferior quadrant (frequency of disagreement less than 10%). For the inferior quadrant especially, the frequency of disagreement was 5% or under. However, for the nasal quadrant trends were observed in which Stratus displayed the abnormal color code, while Cirrus displayed the normal color code. The frequency of disagreement was high in all glaucoma groups (severe 22.5%, moderate 13.2%, and early 13.6%). For the superior quadrant, trends were observed in which Stratus displayed the normal color code, while Cirrus displayed the abnormal color code. The frequency of disagreement was 15.2%, 10.5%, and 10.0% in the early, For the 12 clock-hour map, the disagreement was variable according to the scanned sectors and the glaucoma severity. In general, the 2 to 4 clock-hour sectors showed distinguished disagreement between 2 OCTs in all subgroups. For the 2 o'clock sectors, the frequency at which Stratus OCT showed abnormal color code, while Cirrus OCT displayed normal color code, was high in all glaucoma groups (severe 30.0%, moderate 26.3%, and early 15.2%, Figs. 2A, 2B, 2C ). In addition, in the severe glaucoma group, the frequency at which Stratus OCT displayed the abnormal color code, while Cirrus OCT displayed the normal color code, was high for the 5, 8, and 12 o'clock sectors (17.5%, 30.0%, and 12.5%, respectively, Fig. 2A ). In the early glaucoma group, the frequency at which the Cirrus OCT showed the abnormal color code, while Stratus OCT displayed the normal color code was 13.6% for the 1 o' clock sector (Fig. 2C) . Figure 3 shows each color code frequency in Stratus and Cirrus OCT for average, quadrant, and clock-hour sectors according to the glaucoma severity. For average RNFL measurements, the red color code was displayed more frequently by Stratus OCT than by Cirrus OCT (Stratus OCT 72.5%, and Cirrus OCT 62.5%) in the severe glaucoma group. However, there was almost no difference in the frequency of abnormal color codes (yellow or red, Stratus OCT 75.0%, and Cirrus OCT 77.5%, Fig.  3A ). In the moderate and early glaucoma groups, abnormal color code frequency for average RNFL also was similar between Stratus and Cirrus OCT (Figs. 3B, 3C) .
Comparison of Color Code Frequencies between Two Instruments According to Glaucoma Severity
For the quadrant map, the frequency of abnormal color codes (yellow or red) was similar between Stratus and Cirrus OCT for the inferior and temporal quadrants in all glaucoma subgroups (Figs. 3A, 3B, 3C) . However, for the nasal sectors, the frequency of the abnormal color code in Stratus OCT was higher than that in Cirrus OCT in all glaucoma subgroups (Stratus 27.5% and Cirrus 7.5% in the severe group, Stratus 21.1% and Cirrus 10.5% in the moderate group, and Stratus 18.2% and Cirrus 10.5% in the early group, Figs. 3A, 3B, 3C) . For superior sectors, the frequency of the red color code in Cirrus OCT was higher than that in Stratus OCT in early glaucoma (Stratus OCT 21.2%, and Cirrus OCT 36.4%, Fig. 3C ). A slight difference also was observed in the moderate and severe glaucoma groups (Figs. 3A, 3B) .
For the 12 clock-hour map, the difference of the color code frequency was variable according to the scanned sectors and the glaucoma severity. For the 2 o'clock sectors, the frequency of the abnormal color code in Stratus OCT was much higher than that in Cirrus (Stratus 42.5% and Cirrus 12.5% in the severe group, Stratus 31.6% and Cirrus 7.9% in the moderate group, and Stratus 18.2% and Cirrus 10.5% in the early group, Figs. 3A, 3B, 3C ). For the 3 and 4 o'clock sectors, Stratus OCT displayed the abnormal color code more frequently than did Cirrus OCT, especially in the severe glaucoma group (Stratus 15.0% and 30.0%, and Cirrus 0% and 7.5%, Fig. 3A ).
DISCUSSION
There have been several earlier studies regarding agreement of RNFL measurements between Stratus OCT and Cirrus OCT. 6, [9] [10] [11] [12] [13] [14] [15] However, to our knowledge there have been no reports on agreement of RNFL color codes between the two instruments according to the glaucoma severity. In our study, RNFL color code agreement between the two OCTs was evaluated according to the glaucoma severity. Inter-device agreement of color codes between Stratus and Cirrus OCT using Cohen's Kappa value was fair to good, except for the case of the nasal sector in normal eyes and in all glaucomatous eyes. For average inferior and temporal quadrants, color codes were consistent between the 2 OCTs and the disagreement proportion was less than 10%. However, there was considerable color code difference for the nasal and superior sectors throughout all severity groups. For the nasal sector, Stratus OCT tends to display abnormal findings, and these trends were augmented in the severe glaucoma group. For the superior sector, Cirrus OCT tends to show abnormal findings, and these trends were notable in the early glaucoma group.
Cohen's kappa generally was fair to good; however, this value does not reflect actual agreement because each color code (red, yellow, green, and white) implies different significance with regard to the severity of glaucoma. The RNFL thicknesses are presented by a white color for those in the hypernormal range (95th to 100th percentiles), green backgrounds for those in the normal range (fifth to 95th percentiles), yellow backgrounds for those abnormal at the first to fifth percentile level, and red backgrounds for those abnormal at the first percentile level. Therefore, we grouped yellow or red colors as abnormal findings, and green or white colors as normal findings to compare the disagreement between the 2 OCTs.
Several previous studies regarding measurement agreement have demonstrated that RNFL thicknesses measured by Cirrus OCT were thicker than those measured by Stratus OCT when the RNFL was very thin, as in severe glaucoma. 6, [9] [10] [11] [12] 14 Conversely, at thicker RNFL, measurements using Stratus OCT were thicker than those obtained by Cirrus OCT. In general, the absolute value of RNFL thickness difference between the two instruments increased at thicker RNFL. 6, [9] [10] [11] [12] 14 Our results concur with the previous results. The absolute value of RNFL thickness difference between the two instruments increased when RNFL was thick. However, the proportion of color code disagreement was higher in the severe glaucoma group than it was in the early glaucoma group. The discrepancy might be due to the higher frequency of abnormal codes in the severe glaucoma group. Green color codes represent a wide range of RNFL thicknesses (fifth to 95th percentiles), while abnormal color codes represent a narrow range (less than fifth percentiles). It is reasonable that red or yellow color codes are more likely to disagree between two instruments than do green color codes.
It is known that RNFL thickness measurements obtained by Cirrus OCT usually are thicker than those measured by Stratus OCT when RNFL thickness is thin. In our study, Cirrus OCT tended to display normal color code findings compared to those of Stratus OCT for the nasal sector, and for many sectors in the clock-hour maps in the severe glaucoma group (Fig. 2A) . It also is known that RNFL thickness values measured using Stratus OCT are thicker than those measured by Cirrus OCT when RNFL is very thick. In our study, Stratus OCT tended to display normal color code findings compared to those of Cirrus OCT in the early glaucoma group, especially in the superior quadrant and the 1 o'clock sector (Fig. 2C) .
In our study, the RNFL color code using Stratus and Cirrus OCT showed considerable discrepancy. We suggest several possible explanations for this discrepancy. First, because these two instruments use different technologies, RNFL thickness measurements themselves obtained by Stratus and Cirrus OCT were different from each other. These instruments use a different scan registration method in locating a measurement circle, a different data-acquisition process with different scan speed, and a different segmentation algorithm; Cirrus aims to identify the bottom of the nerve fiber layer, whereas Stratus attempts to localize the top of the ganglion cell layer. RNFL color codes are derived from the RNFL measurements. Different RNFL measurements from different types of technology may have resulted in the RNFL color code disagreement between the two instruments. A second explanation for the color code disagreement is that color codes provide information on the probability of an abnormality after comparison of RNFL measurement with an internal age-matched normative database. The racial distributions in the normative databases of the two instruments are different. In the normative Stratus OCT database, very few Asian individuals (3%) were included, whereas >20% of subjects were Asian individuals in the Cirrus HD-OCT normative database (Gurses-Ozden R, et al. IOVS 2008;49:ARVO Abstract 4632). This might have resulted in the difference of the normative database, and the difference could cause color code disagreement.
There was considerable color code difference for the nasal sectors throughout all severity groups. Many studies have found that the correlation between two instruments was slightly weaker in nasal quadrant RNFL thickness. 11, 13, 21 The main reason might come from less reliable measurements in this sector based on Stratus OCT. Studies to determine the reproducibility of Stratus time-domain OCT have suggested that the RNFL measurements for the nasal quadrant appeared to be the most variable. 22, 23 The limitations our study include the use of a small sample size in each subgroup and different test-retest variability of RNFL measurements between the two OCT instruments. 21, 24, 25 In addition, color code agreement could not be compared directly among average, quadrant, and clock-hour sectors because agreement of average RNFL must be better than that of smaller sectors, such as quadrants or clock-hour maps.
In conclusion, there was considerable color code difference for nasal and superior sectors throughout all severity groups. For the nasal sector, Stratus OCT tends to display abnormal findings, and these trends were augmented in the severe glaucoma group. For the superior sector, Cirrus OCT tends to show abnormal findings, and these trends were notable in the early glaucoma group. RNFL color codes derived from two OCTs of different generations could not be considered interchangeable; which is similar to the case of RNFL measurement. Therefore, color code disagreements between instruments among different glaucoma severity groups must be considered when an individual undergoes longitudinal followup with different OCTs.
